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Many important ecosystem services provided by forests are
altered by human activities (Gonzalez et al., 2005). While
deforestation is the main human activity affecting tropical forests
nowadays (Sodhi et al., 2004), forest management is the main
activity affecting temperate and boreal landscapes (O¨stlund et al.,
1997; Lindenmayer and Franklin, 2002; Burton et al., 2003). In
Canada, as elsewhere, inappropriate forest management is thought
to be responsible for the widespread simplification of the forest at
both the stand and landscape levels and formarked declines in old-
growth stands and stands with old-growth attributes, as well as
their associated diversity of ecological structures, functions, and
species. For this and other reasons, there has been increasing
public pressure to develop new and truly sustainable forest
management practices that integrate the concerns of all stake-
holders while conserving the diversity of native structures,
functions, and species, especially those associatedwith old-growth
(Hamersley Chambers and Beckley, 2003). Furthermore, there is
social and economic pressure to maintain a viable forest industry.
Two very different broad forestmanagement options have been
proposed to address these social, environmental, and economic
concerns. The first option aims at satisfying all needs throughout
the forest through multiple-use or integrated forest management
(McArdle, 1953; Franklin, 1989). A contrasting option suggests
dividing the forest into a number of zones for different, but
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A B S T R A C T
Forest management has been criticised in the last 20 years for its negative impact on the native species,
structures and functions of the forest. Of many possible alternatives proposed to minimize these effects,
the functional zoning (or TRIAD) approach is gaining popularity in North America. The goal of this
approach is to minimize the negative environmental impacts of forestry while maintain timber supply
by dividing the forest into three broad land-use zones: (1) conservation, (2) ecosystemmanagement, and
(3) wood production. In this study, we used a spatially explicit landscapemodel to simulate the effects of
fire and six different forest management scenarios on a boreal mixedwood forest management unit in
central Quebec. Themanagement scenarios examined included the current practices scenario, a scenario
proposed by the provincial government, and four TRIAD scenarios varying in the amount of forest
allocated to each of the three zones. For each scenario, we examined the harvest volume, percentage old-
growth forest or old forest managed to favour old-growth attributes, and effective mesh size of forest
patches by 20-year age classes. With more area set aside for conservation and high-retention partial cut
harvesting techniques designed to maintain the attributes of old-growth stands, all TRIAD scenarios
resulted in higher percentages of stands with old-growth attributes than the current practices scenario
and the government proposed scenario, and two of the four TRIAD scenarios also resulted in higher
harvest volume over the long term. All forest management scenarios resulted in significantly lower
effective mesh size than the fire-only scenario, but this difference was not as pronounced for the four
TRIAD scenarios as for the current practice and government proposed scenarios. We conclude that the
TRIAD approach has the potential to minimize some of the negative impacts of forestry on the landscape,
while maintaining timber supply over the long term.
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2008). Although the debate is still ongoing regarding the
advantages and disadvantages of the two options, and the
appropriateness of the choice may be somewhat case-specific,
the zoning option has been gaining in general popularity (Zhang,
2005). According to some researchers, zoning of the landscape is
advantageous because it provides clear, specific, and effective
management directions (Haas et al., 1987) and reduces conflicts
between stakeholders by establishing a hierarchical order of uses
within each zone (Walther, 1986; Andison, 2003; Zhang, 2005).
Moreover, zoning can help to concentrate harvesting activities in
the landscape, thus minimizing anthropogenic fragmentation and
the extent of the road system and optimizing economic benefits
(Swallow et al., 1990; Binkley, 1997; Beese et al., 2003).
One of the most cited zoning strategies proposed in North
America is the TRIAD (or three zone) approach proposed by
Seymour and Hunter (1992), in which three different zones are
established with three different sets of objectives and priorities.
To maintain the ecological integrity of the forest, one zone is
usually dedicated to conservation, as a network of reserves. To
counterbalance the decline in wood available for harvest in the
conservation zone, a wood production zone has been proposed
(Seymour and Hunter, 1992; Hunter and Calhoun, 1996; Messier
et al., 2003; MacLean et al., 2008). The third zone is devoted to
ecosystem management (sensu Grumbine, 1994). In this zone,
management strategies are designed to emulate natural dis-
turbance (Landres et al., 1999) such as fire (Hunter, 1993). Such a
‘‘coarse-filter’’ approach, termed ‘‘natural disturbance—based
management’’ is assumed to benefit native species by providing
conditions similar to those to which they are adapted (Hauffler
et al., 1996; Landres et al., 1999), and also to maximize the
conservation of the natural structural and functional diversity of
the forest. In the ecosystem management zone, various harvest-
ing techniques may also be applied to emulate old-growth
attributes or ‘‘old-growthness’’ (sensu Bauhus et al., 2009), i.e., to
create stands with the structural and functional diversity of old-
growth stands by maintaining trees of different ages (including
those over 100 or 200 years old), different types of deadwood,
and more late-successional species. Potential loss of available
harvest resulting from application of these techniques in the
ecosystem management zone may also be counterbalanced by
gains in the wood production zone. Higher costs associated with
the application of these techniques in the ecosystem manage-
ment zone may also be counterbalanced by reduced transporta-
tion costs in the wood production zone, which should be located
in close proximity to the mills.
There are several examples of real-world applications of TRIAD
forest management. In 1994, the TRIAD approach was applied in
Maine by Champion International Corporation, a large industrial
landowner (Redelsheimer, 1996). By the end of the 1990s, the
project had been abandoned due to a lack of interest from the
company, but it left a legacy of large protected areas that are still in
place today. In the early 2000s, Riverside Forest Products planned
to apply the TRIAD zoning concept to a 145,000 ha Tree Farm
License (TFL 49) near Kelowna, British Columbia (D’Eon et al.,
2004), but the zoning plan was abandoned in 2004, when the
company was bought out by Tolko Industries. Currently, the TRIAD
approach is being applied on an 890,000 ha forest management
unit in central Quebec (Messier et al., in press). After a five-year
planning phase, the approachwas implemented beginning in 2008.
Unfortunately, these real-world applications of the TRIAD
approach were either abandoned too soon or have not been in
place long enough to allow for a rigorous evaluation of the long-
term economic and ecological impacts of the various zoning
strategies. Several modelling studies have attempted to fill this gap
(Krcmar et al., 2003; Montigny and MacLean, 2006), but resultsdiffer greatly depending on the productivity of the system studied.
Furthermore, although these studies may help to define the trade-
off between forest values, neither one examines any spatial results
such as landscape configuration. This may be problematic within
the paradigm of natural disturbance—based management; to
emulate a natural disturbance regime or to judge how well
proposed management strategies emulate a natural disturbance
regime, we must examine not only landscape composition
(amounts of different stand types of interest), but also landscape
configuration (the size and spatial arrangement of stands).
The ability of the TRIAD forest management approach to
emulate landscape patterns created by the natural disturbance
regime and maintain old-growth attributes and a viable forestry
industry may vary depending on the proportion of forest allocated
to each of the three zones. Seymour and Hunter (1999) specified
only that an equal three-way division may not be optimal.
Although the optimal proportion of the forest allocated to each of
the three zones will likely vary somewhat from case to case, if the
TRIAD approach is to be applied, we must at least gain some
understanding of the effects of varying these proportions.
Here we use a spatially explicit landscape model (Fall et al.,
2004) to examine how various proportions of conservation,
ecosystem management, and wood production zones affect the
landscape patterns and age-class structures of the forest.
Specifically, we compare the current management scenario, a
scenario proposed by the provincial government, and four TRIAD
forest management scenarios to a natural disturbance-only
scenario to address the following questions: (1) How do the
different management scenarios compare to each other and to a
natural disturbance-only scenario in terms of the proportion of
old-growth forest maintained in the landscape? (2) How do they
compare in terms of landscape configuration? (3) How do the
different management scenarios compare in terms of harvest
volume? We use amount of forest with old-growth attributes and
landscape configuration (spatially explicit) for comparison
between the different scenarios because these are generally
negatively affected by management and may play an important
role in the conservation of native ecological structures, functions,
and species [e.g., Drapeau et al., 2003 and Boudreault et al., 2002 on
the importance of old-growth, and Schmidt and Roland, 2006 on
the effects of landscape structure (but also see Fahrig, 2003)]. We
use harvest volume as a way to compare the economic viability of
the various scenarios. We use fire as the natural disturbance to
emulate because it is the dominant natural disturbance in our
study area.
2. Methods
2.1. Study area
The study area is a forested landscape of approximately
390,000 ha in the upper Mauricie region in south-central Quebec
(Fig. 1). It contains two boreal forest ecotypes: balsam fir-yellow
birch and balsam fir-white birch. The landscape is dominated by
white birch (Betula papyrifera Marsh), black spruce (Picea mariana
Mill.), jack pine (Pinus banksiana Lamb.), and trembling aspen
(Populus tremuloides Michx.).
Fire is the dominant natural disturbance agent in this area.
Most fires are small (less than 150 ha), but large infrequent fires
(10,000 ha or more) are responsible for more than 60% of the
area burned. Although spruce budworm (Choristoneura fumifer-
ana) outbreaks and wind throw also affect the forest, fire was
the only natural disturbance simulated in the scenarios
described below.
As elsewhere, old-growth stands in the area are characterized
by gap dynamics, with a diversity of species and age-classes
r ea
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Extensive, (d) TRIAD 12%, (e) TRIAD 20%, (f) TRIAD 20% Extensive.represented (Wirth et al., 2009). In these stands, pioneer species
like aspen are no longer dominants, and late-successional or shade
tolerant species like white spruce (Picea glauca) and balsam fir
(Abies balsamea) reach theirmaximum longevity (100–200 years or
more). These stands are also rich in herbaceous plants, fungi, and
lichens, and provide habitat for a diversity of insect, mammalian,
and avian species, including large standing deadwood and logs.
Most of all, these stands are characterized by heterogeneity in
terms of species composition and distribution, spatial structure,
and function.
Since the mid-19th century, the main disturbance in the region
has been commercial forestry (Fall et al., 2004). The current
forestry regime involves clearcuts of up to 150 ha in size on a
rotation of 100 years or less. Regeneration is mainly natural,
although some planting is done when natural regeneration is
deemed insufficient. Manual brushing and pre-commercial thin-
ning are the two most important silvicultural treatments.
Although the current forestry regime does not maintain old-
growth attributes in managed stands, there has been some
research into techniques that could maintain these attributes
(e.g., Bauhus et al., 2009). These techniques include high-retention
partial cutting (>50–75% retention) that leaves a diversity of age-
classes and structure in old stands, including various types of
deadwood.
The initial raster data layers were based on data from
SIFORT, the third decadal forest inventory database of Quebec
(Pelletier et al., 2007).With a resolution of 50  50 m, these raster
layers represented the main biotic and abiotic characteristics of
the forest environment (age of dominant and secondary tree
species, drainage type, site type, slope, soil type, site index and
dominant tree species, and location of plantations, roads, and
railways).ch management scenarios: (a) Status Quo, (b) Government Proposed, (c) TRIAD 12%2.2. Spatially explicit landscape disturbance model
We used the Vermillon Landscape Model (VLM) (James et al.,
2007) developed in SELES (Spatially Explicit Landscape Event
Simulator) (Fall and Fall, 2001). The SELES language is used to
specify key processes or sub-models, which are then executed in a
discrete-event simulation. We built three dynamic sub-models
representing aging, fire, and management processes. In keeping
with the resolution of the SIFORT data used as the basis for the
model, the spatial resolution (grain) of the model was 50  50 m.
The spatial extent was the entire study area (390,000 ha), and the
time-step was one year.
2.2.1. Aging sub-model
The aging sub-modelwas directly influenced by the disturbance
regimes. Thus, disturbance (fire or harvesting) reset stand age to
zero and aging increased stand age. Stand age did not increase past
300 years because the individual trees of the area do not generally
live longer than this, and we assumed stands older than 300 years
were in a gap-phase dynamic condition (here referred as ‘‘300+
years’’). For a more detailed description of the aging sub-model,
including sensitivity analysis and verification, see James et al.
(2007), Didion et al. (2007), and Fall et al. (2004).
2.2.2. Natural disturbance (fire) sub-model
The empirical landscape fire model (Van Wagner, 1978) was
based on historical information in the region and driven by fire
cycle and mean fire size parameters (James et al., 2007). Each year,
the number of fires ignited was selected from a negative
exponential distribution. For each fire, the ignition cell was chosen
randomly, and the target size was also selected from a negative
exponential distribution. Fires spread randomly in all directions
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available. Fire ignition and spread were thus independent of
weather, terrain, stand age, etc (as justified by James et al., 2007).
With this random-spread model, the patches produced by the fires
were irregular in shape, similar to the landscape patterns generally
created by real fires (e.g., Johnson et al., 1998). For a more detailed
description of the fire sub-model, including sensitivity analysis and
verification, see James et al. (2007), Didion et al. (2007), and Fall et
al. (2004). To simplify the comparison between scenarios, this sub-
model was only applied in the Fire scenario (where no logging was
simulated) and in the conservation zones of the management
scenarios; see Section 2.2.3 for details.
2.2.3. Zoning and forest management sub-model
Forest management was modelled based on the spatial
allocation of three zones: (1) the conservation zone, with no
logging; (2) the ecosystem management zone, where high-
retention (>50%) partial cutting and clearcuts with 5% retention
were modelled; and (3) the wood production zone, which was
subdivided into three forest management sub-zones (3i) the
extensive silviculture sub-zone, where the current forestry
practice of small clearcuts distributed over the landscape was
modelled; (3ii) the intensive silviculture sub-zone, where planting
and various silvicultural treatments were modelled; and (3iii) the
plantation sub-zone, with fast-growing hybrid larch and poplar.
The main difference between these zones was the annual
harvest level. For the conservation zone, the level was set to 0%. For
the ecosystem management zone, it was set to an effective rate of
0.8% of the productive forest area per year, out of which 0.4% was
attributed to clearcutting and a volume equivalent to a rate of 0.4%
for partial cutting. For the extensive silviculture sub-zone, it was
set to 1%. For the intensive silviculture sub-zone, it was set to 1.2%,
and for the plantation sub-zone, to a conservative 2%, assuming
that increasing silvicultural intensity leads to higher yields and
shorter rotations (see Paquette and Messier, 2009 for examples of
typical gains in yield attributable to various silvicultural practices).
Since the goal of this study was not to do a detailed timber
supply analysis, we used fixed harvest rates (fixed in time) based
on averages for these management systems in this type of forest.
We applied an area-based target because we were interested in
comparing yield outputs among different scenarios; such a target
provided a common currency for comparison [fire, harvest, and
conservation areas were all modelled using area, as in Didion et al.
(2007), James et al. (2007), and Fall et al. (2004)].
For the ecosystem management zone, half of the volume
harvested came from clearcuts and the other half from high-
retention partial cuts. Clearcuts were 5–60 ha in size with 5%
retention of live trees, similarly modelled in the extensive
management zone. Partial cuts were applied over a larger area
at lower volume recovery. We assumed that these high-retention
partial cuts emulated the natural gap dynamics of old-growth
stands and so caused no change in stand age or landscape
structure. We also assumed that they could be accessed from the
existing road network, so roads were not constructed just to access
a partial cut block (note that traffic volume was not modelled).
Hence partial cutting was not modelled explicitly, but the longer
rotation of the ecosystem management zone ensured adequate
availability of stands for partial cut treatment and minimum re-
entry intervals. The average volume harvested from the clearcuts
in the ecosystemmanagement zone was used as an estimate of the
contribution from partial cutting. The extent to which these
assumptions are justified is discussed in Section 4.1 below.
The annual yield rate modelled in the wood production zone
was double that elsewhere because of the assumed benefits of the
various silviculture treatments (see Paquette andMessier, 2009 for
a review). In the plantation sub-zone, fast-growing species wereassumed to be planted after the completion of the first rotation.
Theminimumharvest age in the plantationswas divided into three
groups (20, 30, or 40 years) based on the site index (height in
metres at 50 years). Yield curves typical for fast-growing species
were also specified following these harvest age groups (Pothier and
Savard, 1998).
Although we applied the fire model with no harvesting to the
conservation zone in all scenarios, we only modelled harvesting in
the management zones. We did not model fire outside the
conservation zone (other than in the fire-only scenario) because
we were interested in comparing the different management
strategies. As such, we could be criticized for assuming complete
fire suppression in the management zones, which would not be
realistic or even advisable. Natural processes such as natural
disturbance are particularly integral to effective ecosystem
management, as defined by Grumbine (1994). The strength of
themodelling approach is that it allows for some simplifications so
that specific factor(s) of interest can be examined. In this case, the
effect of fire in the management zones is not the issue of interest;
rather, we hope to be able to compare the structure, composition,
and harvest volumes of the various management scenarios.
Introducing a stochastic factor such as fires, and fire suppression,
could mask differences between these strategies (Fall et al., 2004).
2.3. Zone location
We established the TRIAD zoning system as proposed by
Seymour and Hunter (1999), setting conservation areas aside first,
followed by wood production areas. Everything not designated as
conservation or wood production was put in the ecosystem
management zone. Within the wood production zone, we first set
aside areas for fast-growing plantations, then for intensive
management, then extensive management.
2.3.1. Selection of the conservation zone
Conservation location was based on the heterogeneity method
developed by Montigny and MacLean (2005), but adapted to the
geographic information available from the forest inventory. The
degree of heterogeneity per cell was derived from the soil, drainage,
and site type (vegetation community) layer data and classified in 10
classes. Each variable had an equivalent weight in determining the
level of heterogeneity. The raster layers created were overlaid and a
neighbourhood analysis was used to produce raster grids of
2500 2500 m. With the new raster layer, we identified the areas
with the highest heterogeneity as those most suited for conserva-
tion, assuming a correlation between this heterogeneity and species
richness and diversity (e.g., Nichols et al., 1998).
Representation of ecological types (Austin and Margules, 1986)
was the final criterion to establish the conservation areas. The
number of conservation areas was limited to obtain larger
areas and thus increase the conservation potential of each area.
Three conservation areas of similar size were designed along a
south–north gradient for five of the six scenarios. Due to the low
percentage of area assigned to conservation in the Status Quo
scenario (see below), only one conservation area was identified
(Fig. 1).
Based on the biosphere reserve model (Gregg et al., 1989),
reserves were surrounded by buffers of ecosystem management
zoning and, in some cases, connected by corridors. If the majority
of the landscape was under ecosystem management, a buffer area
of at least 500 m in width was applied. Otherwise, buffers and
corridors between conservation areas were 2500 m wide.
2.3.2. Selection of the plantation sub-zone
We used site index values (height in metres at age 50 years)
to decide which areas were best suited to the plantation of
escr
nag
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cells with a site index of over 18 m first, followed by those with a
site value of over 15 m. We almost never selected cells with a site
index of less than 15 m. One quarter of the plantations was 100–
500 ha in size, while the rest were 500–5000 ha.
2.3.3. Selection of the intensive and extensive silviculture sub-zones
To locate the intensive and extensive silviculture sub-zones, we
randomly selected 150 of the polygons from the soil layer, then
added soil polygons to these at random until we reached the
desired percentage of the total area for each sub-zone.We used the
soil layer simply because the soil polygons were the largest so
using them allowed us to reach our desired percentages more
rapidly.
2.3.4. Selection of the ecosystem management zone
Any land not designated for conservation or wood production
was assigned to the ecosystem management zone.
2.4. Scenario parameters
The specific percentages of land allocated to the different zones
varied among scenarios (Table 1); hereafter, we denote the
different scenarios based on their various allocations (Status
Quo, Government Proposed, TRIAD 12% Extensive, TRIAD 12%,
TRIAD 20% Extensive and TRIAD 20%). In the Status Quo scenario
(representing the current management regime), 2% of the area was
zoned for conservation and none for ecosystem management. The
Government Proposed scenario (that proposed by the provincial
government) had three zones, with extensive, intensive, and fast-
growing plantations in the wood production zone and 8%
conservation. All the TRIAD scenarios had wood production,
conservation, and ecosystem management zones. In these
scenarios, the conservation zone either accounted for 12% or
20% of the forest: 12% because this is the target value
recommended by many international commissions and non-
governmental organizations (McNeely and Miller, 1984; WCED,
1987;WRI, 1994), and 20% because this is the proportion called for
by some scientists and politicians (Senate subcommittee on the
boreal forest, 1999). The four TRIAD scenarios also differed in
whether or not they had intensive, extensive, and plantation
management in the wood production zone. The TRIAD 12%
Table 1
Percentage of land allocated to each management scenario (see text for scenario d
Management scenario Conservation zone Ecosystem ma
Status Quo 2 0
Government Proposed 8 20
TRIAD 12% Extensive 12 60
TRIAD 12% 12 74
TRIAD 20% Extensive 20 60
TRIAD 20% 20 40Extensive scenario had all three types of management in the
wood production zone, while the TRIAD 12% scenario had only
intensive management and plantations (both had 12% conserva-
tion) (Messier and Kneeshaw, 1999). Social issues were of major
concern in allocating fast-growing plantations. These plantations
did not exceed 4% of the total area in any of the scenarios because
higher percentages would likely not be socially acceptable on
public land (BAPE, 1997). Similarly, the TRIAD 20% Extensive
scenario had extensive and intensive management but no
plantations in the wood production zone, while the TRIAD 20%
scenario had intensive management and plantations but no
extensive management (both had 20% conservation).2.5. Scenario comparison
A coarse-filter approach (Hauffler et al., 1996; Landres et al.,
1999) was used to determine the effect of the variousmanagement
scenarios on the ecological integrity of the forest. We first
compared the management scenarios to a fire-only (Fire) scenario
to determine whether or not these scenarios maintained forest
conditions and landscape patterns within the modelled range of
natural variability (Kneeshaw et al., 2000; Wong and Iverson,
2004; Didion et al., 2007), at least when firewas not included in the
managed zones of the management scenarios. We then compared
management scenarios among themselves.
We selected three ecological indices to quantify the degree of
variation: two measures of old-growth attributes (% forest area
with stands over 100 and over 200 years old, either unmanaged or
subjected to high-retention partial cutting designed to maintain
old-growth attributes) and a landscape index related to spatial
configuration (effective mesh size of forest patch by 20-year age-
classes). Stands were said to have old-growth attributes if they had
not been hit by amajor disturbance (fire or clearcut) within the last
100 or 200 years. We assumed that minor disturbances, such as
high-retention partial cutting designed to maintain old-growth
attributes, did not affect the age of the stand itself; such stands
would still be expected to show the characteristics of ‘‘old-
growthness’’ (sensu Bauhus et al., 2009), with a diversity of age-
classes represented, as well as many late-successional species and
a diversity of deadwood). We examined both measures of old-
growth attributes (stands >100 years and >200 years) because of
varying definitions in the literature (Kneeshaw and Gauthier,
2003; Wirth et al., 2009).
Effective mesh size (Jaeger, 2000) is the expected number of
cells within the same patch as a point selected at random on the
landscape. It is calculated as the probability (P) that two points
selected at random on a landscape will be in the same patch,
multiplied by the size of the landscape. It therefore varies from 0
(P = 0, no other points in the same patch) to the size of the
landscape (P = 1, all other points in the same patch), and is
expressed in area units (here, in hectares). Smaller values therefore
indicate more fragmentation. In contrast with mean patch size
(McGarigal and Marks, 1995), it is area-proportionately additive,
making it less sensitive to very small patches.
iptions).
ement zone Wood production zone
Extensive Intensive Plantation
93 5 0
64 7 1
14 10 4
0 10 4
10 10 0
0 36 42.6. Economic indicator
We used harvest volume to assess the economic aspect of each
scenario, as this is akeymeasureofproductive capacityand thebasis
for timber supply assessments.We estimated harvest volumes from
regression analysis of plot data, stratified by site productivity,
bioclimatic region, species composition, and stand origin (S.
Yamasaki, pers. comm.). Often used in studies dealing with multi-
objective strategies or testing forest management alternatives
(Maness and Farrell, 2004), harvest volume is included in the list of
indicators developed in the Montreal Process and supported by the
Canadian Council of Forest Ministers (CCFM, 1997).
Fig. 2. Mean  standard errors (grey lines) of percent forest with the attributes of
stands over 100 years old over 490 years for the six different management scenarios
and the fire-only scenario. n = 40 simulations per scenario. Where grey lines do not
appear, standard errors are very small.
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We ran each of the seven scenarios 40 times for 490 years and
analysed the mean and standard errors of all metrics. Although
we present model results for all 490 years, we also examine
results after 150 years, since most management plans do not
exceed this temporal scale. ANOVAs were performed using SPSS
version 16.0.
3. Results
3.1. Ecological indices
As all scenarios were based on the same set of initial landscape
conditions, it took some time for differences to become apparent
(Figs. 2–4). The model reached equilibrium in all cases in terms of
all the ecological indices considered, although this took longer in
some cases than in others. In terms of percent forest with the
attributes of stands over 100 years old, equilibrium was reached
after 90 years of simulation (Fig. 2), but in terms of percent forest
with the attributes of stands over 200 years, this took muchFig. 3. Mean  standard errors (grey lines) of percent forest with the attributes of
stands over 200 years old over 490 years for the six different management scenarios
and the fire-only scenario. n = 40 simulations per scenario. Where grey lines do not
appear, standard errors are very small.longer (about 280 years; Fig. 3). Because of the initial age
structure of the forest as represented in the inventory, it took 80
years for forests with the attributes of stands over 200 years to
appear in any of the scenarios. In terms of effective mesh size, no
equilibrium was attained in the fire scenario, and it took about
300 years for the model to reach equilibrium in the management
scenarios (Fig. 4).
The percentage of forest with the attributes of stands over 100
years was higher at equilibrium than initially for all scenarios
(Fig. 2), and the same was true in terms of forest with the
attributes of stands over 200 years for all but the Status Quo
scenario (Fig. 3). However, effective mesh size declined over time
for the management scenarios, while they increased for the fire
scenario (Fig. 4).
Overall, there was much more variation in the results from the
fire scenario than from any of the management scenarios, and
results differed significantly from those of the management
scenarios in terms of all ecological indices examined (Figs. 2–4).
The fire scenario resulted in significantly higher percentages of
forest with the attributes of stands over 100 and 200 years and
significantly higher effective mesh size than any of the manage-
ment scenarios (Figs. 2–4). In the fire scenario, the drop in forest
Fig. 4. Mean  standard errors (grey lines) of effective mesh size of patches defined as
20-year age-classes over 490 years for the six different management scenarios and the
fire-only scenario. n = 40 simulations per scenario. Where grey lines do not appear,
standard errors are very small.with the attributes of stands over 200 years old between years
150 and 200 is mostly related to rate of fire interacting with the
initial age structure, and the time to reach quasi-equilibrium.
That is, the area of forest less than 200 years old ages and becomes
greater than 200 years old faster than fires burn it, but over a
couple of fire cycles the forest reaches a quasi-steady state
(Fig. 4).
For the most part, results of the four TRIAD scenarios were
closer to those of the Fire scenario than were results of the
Government Proposed and Status Quo scenarios (Figs. 2–4). Among
management scenarios, the TRIAD 12% scenario resulted in the
highest percentage of forest with the attributes of stands over 100
and 200 years, followed by the TRIAD 20% Extensive, TRIAD 12%
Extensive, and TRIAD 20% scenarios (Figs. 2 and 3). The
Government Proposed scenario came next, and the Status Quo
scenario resulted in the lowest percentages, not much higher than
the initial percentages (year 0 in the model) (Figs. 2 and 3). After
150 years of simulation, the TRIAD 12% scenario also resulted in the
highest effective mesh size of all the management scenarios,
closely followed by the TRIAD 20% Extensive and TRIAD 20%
scenarios, then the TRIAD 12% Extensive scenario. The Status Quo
scenario came next, and the Government Proposed scenario
4. Discussion
4.1. Maintaining stands with old-growth attributes
Fig. 6. Mean  standard error of harvest volume per year over (a) the first 150 and (b)
all 490 years of simulation for six different management scenarios. n = 40 for all
scenarios. Homogenous subgroups are indicated for (a); for (b), all differences were
significant at a = 0.05. For the scenarios, T = TRIAD, E = Extensive, GP = Government
Proposed, and SQ = Status Quo.
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differences amongmanagement scenarios seem small compared to
the differences between the Fire and the management scenarios
(Figs. 2–4), ANOVAs are statistically significant, being character-
ized by little variability around the mean as a result of the models
being run so many times (40 times for each scenario).
In general, the amount of forest with old-growth attributes
resulting from the management scenarios increased with the
amount of ecosystem management, while effective mesh size
increased with the amount of conservation. After 490 years of
simulation, the Spearman’s rank correlation (rs) between mean
percentage of forest with the attributes of stands older than 100
years and percentage under ecosystem management was highly
significant (rs = 0.986, p< 0.001, n = 6), as it was between percen-
tage of forest over with the attributes of stands over 200 years old
and percentage under ecosystem management (rs = 0.986,
p < 0.001,n = 6). Effectivemesh sizewasnot significantly correlated
with percentage of ecosystem management (rs = 0.638, p = 0.173,
n = 6). However, it was highly positively correlated with percentage
conservation (rs = 0.971, p = 0.001, n = 6).
3.2. Economic index
In terms of harvest volume, the model reached a quasi-
Fig. 5.Mean  standard errors (grey lines) of harvest volume over 490 years for the six
different management scenarios. n = 40 simulations. Where grey lines do not appear,
standard errors are very small.equilibrium state after about 100 years of simulation (Fig. 5). It
never reached a more stable equilibrium because we measured it
in terms of area (i.e., we simulated harvesting a constant area per
year). When harvesting a constant area per year, harvest volumes
vary over time as stands of different productivity age through the
system. If a volume-based target had been used (i.e., we had
simulated harvesting the same volume per year), then the area
harvested each step would have varied through time for the same
reason. Therefore, there is no reason to believe that the harvest
volume would have reached a more stable equilibrium had the
model been run for longer.
Two TRIAD scenarios resulted in high mean harvest volumes
over the long term. For the first 90 years of simulation, harvest
volume was highest for the Status Quo scenario, but when we
examined mean harvest volume per year over the whole first 150
years of simulation, the TRIAD 12% Extensive and TRIAD 12%
scenarios resulted in harvest volumes comparable if not higher
than those of the Status Quo (Fig. 6a).Whenwe looked at the entire
490 years of simulation, these two scenarios resulted in
significantly higher mean harvest volumes per year than the
Status Quo scenario (Fig. 6b).Although none of the management scenarios even approached
the levels of stands with old-growth attributes reached by the Fire
scenario, the percentage of these stands increased over time in all
but the Status Quo scenario. This is not surprising considering that
a larger percentage of the forest was set aside for conservation in
all other scenarios. Recall that the only disturbancemodelled in the
conservation zone was fire, and fire cycles were much longer than
logging rotations, thus resulting in more old forest.
The TRIAD 12% scenario resulted in the highest percentages of
stands with old-growth attributes, in part because of our
assumption that high-retention partial cuts could maintain these
attributes in the ecosystem management zone. There was a highly
positive correlation between percentage stands with old-growth
attributes and percentage ecosystem management because half
the harvest volume from the ecosystem management zone came
from high-retention partial cuts assumed to maintain old-growth
attributes.
In reality, the extent to which partial cutting in old stands can
maintain old-growth attributes is somewhat dependent on the
levels of retention maintained in partial cuts. It is fairly clear that
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emulate old-growth attributes (e.g., CCFM, 1997; Deal, 2001; Deal
and Tappeiner, 2002). However, several studies indicate that
partial cuts with relatively high levels of retention in mature or old
stands can maintain old-growth attributes. For example, Stone et
al. (2008) found that partial cuts with 65–75% retention retained
much of the lichen biomass of old-growth balsam fir stands in
Quebec’s Gaspe Peninsula. Carey (2003) indicates that certain
types of high-retention partial cuts may encourage the develop-
ment of structural diversity characteristic of old-growth forests.
Deal (2001) and Deal and Tappeiner (2002) found no difference in
plant species richness and a high similarity in plant community
structure between high-retention (>50%) partial cut and uncut
stands of varying ages in coastal Alaska conifer stands. In the
mixedwood forests of La Mauricie, Quebec, Archambault et al.
(2009) found no difference in regeneration density and stocking
between unharvested stands and diameter-limit cuts (approxi-
mately 65% retention) 50 years after harvesting. Thus, although
research remains to be done in this area, high-retention partial cuts
may emulate some old-growth attributes, particularly if large trees
and snags are maintained (Archambault et al., 2009). Whether or
not it is reasonable to assume that a harvest level of 0.4% per year
can be supported by such high-retention partial cuts without
building more roads is another issue that needs to be investigated.
Further research should also investigate the ecological effect of the
necessary increase in traffic volume and associated pollution
required to access these partial cuts on the existing roads and the
increased extraction costs associated with high-retention partial
cutting.
4.2. Emulating the natural landscape structure
Contrary to the old-growth results, conditions worsened over
time in all management scenarios in terms of all landscape indices
examined. Patches became smaller and more numerous in all
management scenarios, but larger and less numerous in the Fire
scenario (data not shown). The Fire scenario results are not
surprising considering that initial landscape conditionswere based
on a logged landscape; we would expect the landscape to return to
amore natural state over time if loggingwas stopped, as effectively
occurred in this scenario. However, the results from the manage-
ment scenarios are not necessarily as expected. We would at least
expect little change in the Status Quo scenario if this scenario
effectively emulated the management regime that created the
initial landscape conditions. In fact, the Status Quo scenario
resulted in the greatest changes in landscape structure. This is
likely due to changes in provincial policy in the late 1990s. Passed
in 1996, the Quebec Regulation respecting the standards of forest
management for forests in the domain of the state changed the size
distribution of permitted cutblocks, putting much more of an
emphasis on relatively small cutblocks (<=50 ha in this area) and
limiting the maximum cutblock size to 150 ha. The current
landscape, on which the initial conditions of the model are based,
is still a reflection of the pre-1996 regulations, which allowed for
much larger cutblocks. It is unclear exactly how long these ‘‘legacy
effects’’ last, but they likely no longer have an effect once themodel
has reached equilibrium.
Not surprisingly, results strongly imply that effective mesh size
was negatively affected by logging. This is supported not only by
the fact that effective mesh size was much higher in the fire-only
scenario than in any of the management scenarios, but also by the
strong positive correlation between effective mesh size and
percent of area set aside for conservation in the management
scenarios. Since effective mesh size is highly positively correlated
with mean patch size, this implies that management as modelled
reduces patch size.The Fire scenario was characterized by large variability in terms
of all measures. This indicates a ‘‘natural’’ heterogeneity of
landscape structure and composition at the landscape-scale. This
heterogeneity is partly recreated in the conservation zone, but is
largely excluded from the other zones, as indicated by the general
lack of variability in the management scenarios. This is clearly due
to the fact that fire was not modelled in the managed zones;
inclusion of fire in these zones would have resulted in increases in
variability (e.g., Didion et al., 2007).
Further research is also necessary to help formulate manage-
ment recommendations as to cutblock size and spatial arrange-
ment. As is, the results seem to suggest that cutblock sizes should
be modified to maintain larger patches if we are to better emulate
the landscape structure created under a fire regime. Larger
cutblocks would result in larger patches, and would thus increase
effective mesh size. In turn, since larger cutblocks lead to larger
stands as cutblocks regenerate and age, maintenance of larger
blocks could maintain species sensitive to habitat alteration and
forest interior species with large home ranges, like marten (Martes
americana Turton) (Potvin et al., 1999). However, in reality,
although they were not modelled, fires, and especially large fires,
will continue to occur in the managed landscape. This may negate
the necessity to emulate large fires by implementing large
cutblocks in an attempt to mimic the natural structure of the
landscape.
4.3. Maintaining harvest volume
The third question addressed in this study was how the
different management scenarios compared in terms of harvest
volume. Both the TRIAD 12% Extensive and TRIAD 12% scenarios
produced timber volumes equal to or higher than the Status Quo
and Government Proposed scenarios over the long term. This was
due to the increased proportion of land allocated to intensive
management and fast-growing plantations.
A clear benefit of the TRIAD management strategy seems to
be its ability to generate large harvest volumes on a small
portion of the landscape. To reduce economic and ecological
costs, this portion could be situated relatively close to the main
roads and mills. In both the TRIAD 12% Extensive and TRIAD 12%
scenarios, the 14% of the territory allocated to wood production
and fast-growing plantations produced more than 20% of the
harvest volumes (data not shown). Furthermore, as indicated by
the relative performance of these two scenarios compared to the
TRIAD 20% Extensive scenario (with only 10% wood production
and no plantations), the intensive management and plantation
sub-zones had only limited impacts on landscape patterns and
amount of old-growth due to their small proportion over the
landscape. These results do not correspond with those obtained
by Montigny and MacLean (2005), who used a higher proportion
of wood production and found a significant decrease in old-
growth forest over 80 years of simulation.
It is difficult to assess the significance of the economic benefits
related to the harvest volumes without a full cost-benefit analysis
(Freeman and Portney, 1989; McKenney, 2000). However, our
analyses should account for the short- and long-terms costs of the
various scenarios tested and for some of the environmental
benefits accrued to healthy ecosystems.
5. Conclusions
Our simulations show that both TRIAD scenarios with 12%
conservation and 60–74% ecosystem management would gener-
ally result in landscapes more similar in structure to those
produced by natural disturbance than the Status Quo or the
Government Proposed scenarios, without incurring losses in
P. Coˆte´ et al. / Forest Ecology and Management 259 (2010) 418–427426harvest volumes. The Government Proposed scenario, which
proposed to increase protected areas to from 2% to 8% without
any significant increase in ecosystem management, did not help in
the maintenance of old-growth attributes, nor did it result in a
landscape structure comparable to that produced by fire over the
long-term. Furthermore, it resulted in lower harvest volumes over
the long-term than the Status Quo or the TRIAD 12% management
scenarios.
With the assumptions used in our simulations, increased
ecosystem management was more beneficial to the percentage of
forest with old-growth attributes than increased conservation.
However, note that (1) fire was modelled in the conservation zone,
and (2) old-growth attributes were assumed to be maintained by
high-retention partial cuts in the ecosystem management zone.
Thus, these results might not hold if fire was added to the
ecosystem management zone and if old-growth attributes cannot
be maintained by high-retention partial cuts. Further research is
needed in both cases.
Inmost cases, differences betweenmanagement scenarioswere
not apparent until about 100 years of simulation, and much longer
in terms of forestswith the attributes of stands over 200 years. This
clearly supports the idea that landscape patterns are highly
resistant to change (Wallin et al., 1994; Wong and Iverson, 2004;
Pelletier et al., 2007), even if the landscape is subjected to a zoning
system with drastically different management scenarios. It also
indicates the need for a long-term vision inmanagement planning;
although TRIAD management may be more beneficial ecologically
and even economically than the status quo, it may be a long time
before these benefits become apparent.
Although our simulations are necessarily a simplification of
reality, our analysis illustrates the possible benefits and drawbacks
of different TRIAD scenarios compared to the status quo for a large
area of public land in Canada. It also constitutes the most in-depth
and long-term analysis of TRIAD management scenarios to date
both in terms of ecological and timber supply impacts.
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